Background. We have established that the timing of splenectomy influences the magnitude of the xenoreactive antibody (XAb) response and thus hamster heart survival in cyclosporine (CyA)-treated rats. This model has been used to test our hypothesis that modulation of XAb responses without perturbation of complement may influence the development of graft accommodation.
Methods. Pretransplantation splenectomy (day ؊1/ day 0) fully abrogated anti-graft IgM response, whereas a delayed procedure (day 1/day 2) caused significantly delayed (3-4 days) and decreased levels (two-to threefold) of XAb. Both interventions resulted in long-term graft survival. After surviving for 7 or more days, xenografts in CyA-treated rats with post-, but not pre-, transplantation splenectomy were also resistant to exogenous anti-graft XAb. Such grafts meet the criteria for accommodation. Accommodating hearts displayed progressive and increasing expression of protective genes, such as heme oxygense (HO) 
Conclusions. Delayed and relatively low levels of XAb IgM promote expression of protective genes in the graft and thereby aid in the progress of accommodation. Expression of HO-1 protects xenoserum-mediated endothelial cell destruction.
Hyperacute rejection of discordant xenografts may be prevented by pretransplantation deletion of xenoreactive antibodies (XAb); however, grafts are still rejected within a few days by a process referred to as delayed xenograft rejection (DXR) (1), alternatively termed acute vascular rejection (AVR) (2) . DXR-AVR is mediated by a complex mechanism in which elicited XAb are thought to play a central role (1) (2) (3) . Binding of XAb and activated complement components to graft endothelial cells (ECs) results in cellular activation (4, 5) , loss of barrier integrity (6, 7) , and promotion of procoagulatory responses (8) . DXR-AVR also occurs in concordant xenografts, such as hamster or mouse organs transplanted into rats (9, 10) . In these concordant models, the recipients have very low levels of preformed XAb, but then rapidly produce anti-graft antibodies after the transplantation procedure, leading to graft rejection in untreated animals within 3 to 4 days (9 -12) .
Under some circumstances, a xenograft may survive continuously in the presence of anti-graft antibodies and complement that might otherwise cause rejection, a phenomenon referred to as accommodation (13) . We and others suggest that accommodation may reflect a physiologic alteration in both graft ECs and host immune responses (14, 15) . One mechanism by which accommodated grafts protect themselves from antibodies and complement is to express in ECs a number of protective genes, such as A20, BcL-2 and Bcl-x L , and heme oxygenase (HO)-1 (13) . Overexpression of A20, Bcl-2, and Bcl-x L in ECs in vitro blocks activation of transcription factor nuclear factor (NF)-B and thereby sup-presses induction of proinflammatory genes associated with EC activation (16, 17) . HO-1, a stress-responsive gene, exhibits potent antiinflammatory and antiapoptotic activity (18, 19) . Critical to our hypothesis that the expression of protective genes is functionally associated with xenograft accommodation, we have recently shown that HO-1 knockout mouse hearts cannot accommodate in rats under conditions in which matched wild-type mouse hearts survive (20) .
We hypothesized that if the antibody-mediated rejection response can be appropriately modulated for an adequate time period, xenografts may have a window of opportunity to up-regulate protective gene expression and therefore undergo accommodation (14) . Thus, hamster heart accommodation in rats can be achieved by transient complement inactivation with cobra venom factor (CVF) plus the T cell immunosuppressive drug cyclosporine (CyA) (13, 21) . This intervention does not substantially interfere with anti-graft IgM antibody production that normally causes xenograft rejection in the presence of complement (22) . Xenografts survive in the presence of IgM XAb and reconstituted complement activity that have the potential to precipitate rapid rejection of a second naïve hamster heart (22) . Similarly, a state of porcine EC accommodation can be induced in vitro by incubation of the cells with given levels of human anti-pig IgM or IgG (23, 24) , or ␣-gal-binding lectin (25) . Those results lead to the interpretation that XAb may play a role in promoting xenograft accommodation. However, there is little understanding of how XAb can facilitate accommodation of vascularized organ xenografts.
Previous studies have revealed that the spleen plays a critical role in the generation of T-cell-independent, B-cellmediated immune responses in xenotransplantation (26 -28) . We have now extended these studies to demonstrate that timing of splenectomy with regard to hamster heart transplantation may determine the effects of this intervention in suppression of anti-graft XAb formation in CyA-treated rats. This model was used to evaluate whether accommodation can be induced by modulation of elicited antibody responses in the presence of normal serum complement levels. We show that the delaying and relatively low levels of XAb promote xenograft accommodation. This process is associated with graft expression of protective genes, such as HO-1 and A20. At least expression of one of these genes, HO-1, protects xenografts from the effect of XAb and complement and thereby aids in developing accommodation.
MATERIALS AND METHODS

Animals
Golden Syrian hamsters, weighing 68 -80 g, were used for organ donors. Inbred male Lewis rats (RT1 l ; Harlan Sprague-Dawley, Indianapolis, IN), weighing 150 -250 g, were used as recipients. All animals were housed in accordance with guidelines from the American Association for Laboratory Animal Care. The research protocol was approved by the International Animal Care and Use Committee of the Beth Israel Deaconess Medical Center.
Surgical Procedures
Heterotopic hamster-to-rat heart transplantation was performed using published techniques (29) . The function of the graft was monitored by daily inspection and palpation. Rejection was diagnosed by cessation of visible and palpable ventricular contraction and confirmed by histology. Splenectomy was performed at different times from day Ϫ1 to day 3 of heart transplantation.
Experimental Reagents
CyA (Novartis, Basel, Switzerland) was diluted in normal saline and administered by daily i.m. injection (15 mg/kg), commencing from day Ϫ1 of transplantation. CVF (Quidel, San Diego, CA) was administrated i.p. in a single dose (60 U/kg) on day 3 after transplantation. HO-1 inducer hemin (ferriprotoporphyrin IX chloride) and HO-1 inhibitor tin-protoporphyrin IX (SnPPIX; Sigma Chemical Company, St. Louis, MO) were dissolved in 100 mM NaOH to a stock solution of 50 mM and kept at Ϫ70°C until use. Light exposure was avoided as much as possible. Both hemin and SnPPIX were administered intraperitoneally in phosphate-buffered saline (PBS) to the donor at day Ϫ1 (30 M/kg) and to the recipient at the time of transplantation (day 0), and daily thereafter until day 14 (30 M/kg). Administration of equivalent volumes of vehicles was used as a control.
Serum Transfer
Serum was prepared from pooled blood taken from untreated rats that had rejected a hamster heart 1 day earlier. Serum was heat inactivated at 56°C for 30 min and injected intravenously (400 L) into a rat 30 min after transplantation of a hamster heart.
XAb Assay
The IgM and IgG isotypes of anti-hamster XAb were measured by flow cytometry using a technique described previously (10) . Heparinized and washed hamster peripheral red blood cells were used as target cells. Aliquots of 1ϫ10
7 red blood cells were incubated for 30 min at 4°C with 100 l of 1/10 diluted rat serum in PBS. To determine the titer of anti-hamster IgG, the cells were further incubated with monoclonal antibody (mAb) against rat IgG 1 (MARG1-2), IgG2a (MARG2a-1), IgG2b (MARG2d-8), and IgG2c (MARG2c-5; mouse IgG1, kind gifts of Prof. Bazin, University of Louvain, Belgium) or a combination of those antibodies. After addition of goatanti-rat IgM antiserum-fluorescein isothiocyanate (FITC; Cappel, Durham, NC) or rat-anti-mouse IgG1 antiserum-FITC (Zymed, South San Francisco, CA), the cells were examined by flow cytometry using CellQuest software (FACScan; BD Biosciences, Franklin Lakes, NJ). Results were expressed as the mean channel fluorescence of stained cells divided by the mean channel fluorescence of cells incubated with control serum and secondary antibodies conjugated with FITC.
Cell Cultures
Porcine aortic endothelial cells (PAEC) were isolated and cultured in Dulbecco's minimum essential medium (DMEM; Invitrogen, Paisley, UK) supplemented with 10% fetal calf serum (FCS), penicillin 100 U/mL, streptomycin 100 U/mL, and L-glutamine 2 mM (30) . Confluent cultures were split in the ratio 1:3 as necessary using trypsin-EDTA (Invitrogen). Cells from between passes 5 and 9 were used in the subsequent experiments.
Baboon Anti-Pig Serum
Baboon anti-pig serum was collected from pooled blood of sensitized baboons that were immunized with porcine bone marrow cells for 7 days (31, 32) . After a solid clot had formed at room temperature, the serum was removed and frozen at Ϫ70°C as a source of baboon XAb against PAEC. Heat-inactivated baboon anti-pig serum was prepared by incubation of the serum at 56°C water bath for 30 min to eliminate complement activity.
Cell Treatment and Reagents
PAEC (70% confluence) in 25-mm culture flasks were pretreated with sublytic amounts of baboon anti-pig serum for 24 hr to evaluate whether this procedure could up-regulate protective gene expression. The sublytic amounts of baboon anti-pig serum were prepared by heat-inactivation of the serum followed by serial titrations for their capacity to induce PAEC membrane damage. A concentration of 5% (v/v) of the serum was chosen to achieve optimal stimulation of HO-1 expression with minimal preexisting cytotoxicity. Pretreated PAEC were then exposed for 6 hr to lytic baboon anti-pig serum (20%, non-heat-inactivated). Equal concentrations of heat-inactivated FCS were used as controls for baboon serum. SnPPIX was used to modulate HO enzymatic activity in PAEC. SnPPIX was dissolved (10 mM) in 0.01 M NaOH and added to the culture medium (50 M) at the time when pretreatment started.
Adenovirus
The recombinant HO-1 adenovirus has been described previously (19) . The recombinant ␤-galactosidase (␤-gal) adenovirus was a kind gift of Dr. Robert Gerard (University of Texas Southwestern Medical Center, Dallas, TX). Adenoviruses were produced, extracted, purified, and titrated as described previously (33) . PAEC in 70% confluence were infected with a multiplicity of infection (MOI) of 100 plaque-forming units per cell (PFU/cell) as described previously (33) . This MOI was chosen to achieve maximal HO-1 expression without detectable cytotoxicity. Adenoviral infections proceeded in DMEM (1 hr at 37°C, 5% CO 2 , and 95% humidity) under agitation. Cells were then washed with DMEM and incubated for an additional 24 hr in DMEM supplemented with 10% FCS.
Western Blot Analysis
Cell extracts were prepared and electrophoresed under denaturing conditions using 10% polyacrylamide gels (34) . Proteins were transferred into a polyvinyl difluoridine (PVDF) membrane (Immobilon P, Millipore, Bedford, MA) by electroblotting (0.8 mA/cm 2 ; 1 hr) and detected after blocking in 5% non-fat dry milk in PBS 0.1% Tween-20 (v/v) at 4°C overnight. Rabbit anti-HO-1 polyclonal antibody (StreeGene Biotechnologies Corp., Victoria, BC, Canada) was used to detect HO-1. Anti-␤-tubulin mAb (Boehringer Mannheim, Indianapolis, IN) was used to detect ␤-tubulin. Primary antibodies were detected using horseradish peroxidase-conjugated donkey anti-rabbit or rabbit anti-mouse IgG secondary antibodies (Pierce Chemical Co., Rockford, IL). Bands were visualized using the enhanced chemiluminescence assay (Amersham Biosciences, Piscataway, NJ) according to manufacturer's instructions, and stored in the form of photoradiographs (Biomax MS; Eastman Kodak Co., Rochester, NY). Digital images were obtained using an image scanner (Arcus II, Agfa, Ridgefield Park, NJ) equipped with FotoLook and Photoshop software (Adobe Systems, San Jose, CA).
Flow Cytometric Analysis of Cell Membrane Damage
PAEC were harvested using trypsin-EDTA, and aliquots of 5ϫ10 5 cells were suspended in 0.5 mL of ice-cold PBS. Immediately before flow cytometric analysis, 25 L of propidium iodide (1 g/mL in PBS; Sigma) was added to each sample to allow uptake by cells with injured membrane and thus increased permeability. Cellular debris and doublets were excluded from analysis by their forward-light scatter and right-angle-light scatter properties (10, 35) .
Histopathology and Immunohistochemistry
Tissue samples for histology were fixed in 10% formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H&E) for light microscopy. Tissue samples for immunohistochemistry were snap-frozen in prechilled isopentane and stored at Ϫ70°C. Frozen samples were cut into 4-m sections in a cryostat at Ϫ25°C and air dried. Rat anti-hamster Ig in the xenografts were detected by mAb directed against rat IgM (MARM-4), IgG1 (MARG1-2), IgG2a (MARG2a-1), IgG2b (MARG-2b-8), and IgG2c (MARG2c-5; gifts from Prof. Bazin). Intragraft complement deposition was detected by staining with an anti-rat C3 mAb (CD11, Serotec, Oxford, U.K.). Expression of cytoprotective genes was analyzed using rabbit polyclonal antibodies to HO-1 and A20 (StreeGene Biotechnologies). Cryostat sections were fixed in paraformaldehyde-lysine-periodate for demonstration of humoral reactions, or fixed in acetone for localization of cytoprotective genes, as described (13) . Isotype-matched mAbs or normal serum and a control for residual endogenous peroxidase activity were included in each experiment.
Statistics
The results were analyzed by Student's t test or by Fisher's exact test.
RESULTS
Graft Survival in Splenectomized Rats
In keeping with previous studies (22) , unmodified rats rejected hamster heart grafts after a mean survival time (MST) of 3.1Ϯ0.4 days ( Table 1 , group 1). Administration of CyA alone did not significantly influence graft survival (MST, 3.3Ϯ0.5; group 2), in keeping with the hypothesis that this type of rejection can proceed in a T cell-independent manner. Splenectomy alone caused marginal delays in rejection to 4.5Ϯ1.1 days (group 3). However, a combination of CyA and splenectomy resulted in long-term survival (Ͼ90 days) of xenografts in 100% of cases evaluated (group 4).
Given the timing of anti-graft IgM antibody elicitation and associated xenograft rejection, we tested how the timing of splenectomy influenced xenograft survival in CyA-treated rats. As shown in Table 2 , splenectomy performed immediately before hamster heart transplantation (day 0; group 1) or on day 1 (group 2) or day 2 (group 3) after transplantation induced long-term survival of hamster hearts in 100% cases (PϽ0.001 vs. CyA alone-treated rats). However, further delays in splenectomy to day 3 after transplantation (group 4) were associated with rejection of all grafts (six of six cases) within 7 days. This outcome was attenuated by administration of CVF at the time of splenectomy (day 3), resulting in grafts surviving continuously (Ͼ30 days in five of five cases; PϽ0.01), whereas CVF alone given to CyA-treated rats at day 3 was ineffective (six of six grafts rejected between 3 and 6 days).
Anti-Graft Antibodies in Splenectomized Rats
Unmodified rats produce high titers of anti-hamster IgM antibodies 3 days after hamster heart transplantation (22, 36) . Anti-hamster IgG antibodies also occur at readily detectable levels more than 3 days after transplantation (22, 36) . In keeping with the hypothesis that the IgM response in this model is T cell-independent (22, 36) , CyA-treated rats showed a progressive increase of IgM XAb by approximately three-to fourfold around day 3, with peak levels around day 6 after transplantation (Fig. 1A) . CyA, however, completely blocked anti-graft IgG (Fig. 1B) , indicating that this IgG XAb response is T cell-dependent (22, 36) . Pretransplantation splenectomy (day Ϫ1) alone decreased anti-graft IgM levels to approximately half of the level seen in CyA alone-treated rats (Fig. 1C) , whereas high levels of anti-graft IgG XAb were detected after day 4, peaking after day 6 after transplantation (Fig. 1D) . A combination of CyA and splenectomy resulted in a profound suppression of both IgM and IgG XAb to pretransplantation levels (Fig. 1, E and F) . These procedures did not influence the circulating complement activity as measured by the CH50 assay (data not shown).
We next examined how the timing of splenectomy influences suppression of XAb formation after xenotransplantation to CyA-treated rats. Splenectomy performed immediately before transplantation (day 0) completely blocked XAb formation ( Fig. 2A) . Splenectomy on day 1 (Fig. 2B ) or day 2 ( Fig. 2C) after transplantation resulted in a marked delay (by 3 to 4 days for peak levels) and decrease (by two-to threefold) of IgM production when compared with CyA alone-treated rats. A further delay in performing splenectomy to day 3 substantially abrogated the ability of this intervention to suppress IgM XAb production (Fig. 2D) .
Survival of Grafts After Hyperimmune Serum Transfer
Hamster hearts survived continuously in the presence of considerable levels of anti-graft XAb in CyA-treated rats with posttransplantation splenectomy (day 1 or day 2), suggesting accommodation. To test the resistance of the graft to antibody plus complement at different times after transplantation, we have performed experiments in which hyperimmune serum taken from unmodified rats that rejected a hamster heart 1 day earlier was given to the recipients (Fig. 3) . A dose of 400 l of such serum was selected on the basis of our previous results showing this amount of hyperimmune serum could result in hyperacute rejection of naïve hamster hearts, but allow accommodated hearts to survive continuously (22) . Adoptive serum transfer resulted in rapid rejection of hamster hearts in CyA-treated rats with pretransplantation splenectomy on day Ϫ1. Rejection occurred when the hyperacute serum was injected immediately after transplantation (20 -40 min; nϭ5; Fig. 3A ), on day 3 after transplantation (60 -240 min; nϭ5; Fig. 3B ), or on day 7 or later after transplantation (12-24 hr; nϭ5; Fig. 3C ). Similar results were seen with CyA-treated rats with pretransplantation splenectomy at day 0. Rejection occurred in CyA-treated rats with posttransplantation splenectomy on day 2 when hyperimmune serum was injected immediately (20 -60 min; nϭ5; Fig. 3D ) or on day 3 after transplantation (24 -72 hr; nϭ5; Fig. 3E ). However, when serum injection was given on day 7 or later after transplantation, all grafts survived continuously (Ͼ100 days; nϭ5; Fig. 3F ). Similar results were obtained in CyA-treated rats with posttransplantation splenectomy on day 1.
Survival of Hamster Hearts After Retransplantation
To further evaluate the extent to which accommodating hearts were resistant to effects of XAb and complement under pathophysiologic conditions, we retransplanted accommodating hearts into CyA alone-treated rats that had rejected a hamster heart 1 day earlier (Table 3) . Naïve hamster hearts were hyperacutely rejected by the sensitized animals (30 -240 min; nϭ5; group 1). Rejection was delayed up to 1-2 days when the accommodating hearts had survived in a first recipient for 3 days (group 2). Accommodating hearts that had survived for 7 or more days in the first recipient survived continuously in majority of cases (five of six) after retransplantation (group 3).
Histopathology and Immunohistochemistry
H&E staining of hearts rejected by untreated rats or CyAtreated alone showed that rejection is associated with hemorrhage, edema, mononuclear cell infiltrate, and myocardial fiber disruption with focal necrosis (Fig. 4A) . Immunoperoxidase staining demonstrated vessel wall deposition of IgM (Fig. 4B ) and associated complement component C3 (Fig. 4C) .
Sections of surviving xenografts harvested 7 days or later after transplantation from CyA-treated rats with pre-or posttransplantation splenectomy showed normal cardiac histology (Fig. 4, D and G) . Xenografts in CyA-treated rats with pretransplantation splenectomy showed absence of IgM (Fig.  4E) and C3 (Fig. 4F) deposition. ECs and smooth muscle cells (SMCs) of those grafts expressed undetectable HO-1 and A20 by day 3, and very low levels of HO-1 after day 7 (Fig.  5, A-F) . Xenografts in CyA-treated rats with posttransplantation splenectomy exhibited a moderate deposition of IgM (Fig. 4H) and C3 (Fig. 4I ) along the surface of graft ECs. ECs and SMCs of those grafts expressed increasing levels of HO-1 (Fig. 5 , G-I) and A20 (Fig. 5 , J-L) after transplantation. Importantly, both HO-1 and A20 were easily detectable 3 days after transplantation (Fig. 5, H and K), and HO-1 was expressed at high levels after day 7 (Fig. 5, I and L). b In CyA alone-treated rats that rejected a xenograft 1 day earlier.
Effects of HO-1 Expression on Graft Survival
We have provided evidence to suggest that expression of protective genes facilitates xenograft accommodation. To evaluate this hypothesis, we conducted a model in which induction of HO-1 expression was produced by treatment of the donor and recipient with hemin, a specific inducer of HO-1 (Table 4 ). We showed above that delayed splenectomy at day 3 after transplantation failed to prevent rejection of hamster hearts transplanted in CyA-treated rats (Table 2) . Hemin treatment did not significantly alter graft survival in CyA-treated rats (MST, 4Ϯ0.7 days; nϭ5; PϾ0.05), as compared with rats treated with CyA alone (MST, 3.3Ϯ0.5 days). Hemin treatment, however, reversed graft rejection in CyAtreated rats with posttransplantation splenectomy at day 3 (MSTϾ7 days with four of six grafts surviving continuously; group 3; PϽ0.001), as compared with vehicle controls (MST, 3.6Ϯ0.9 days; group 1). This effect was abrogated by blockade of HO-1 enzymatic activity with SnPPIX (group 4).
HO-1 Expression in PAEC After Pretreatment With Sublytic Baboon Anti-Pig Serum
To directly test our hypothesis that exposure to given levels of anti-graft XAb promotes protective gene expression in xenograft ECs, we developed and studied an experimental model in which PAEC were pretreated with baboon anti-pig serum in vitro (Fig. 6 ). Although this model may not exactly reflect the situation of hamster-to-rat combination, it may provide a means to understand the mechanism underlying the development of accommodation. Non-pretreated PAEC expressed very low levels of HO-1 (lane 1). After pretreatment with sublytic amounts of baboon anti-pig serum without complement (5%; with heat-inactivation), PAEC showed a time-dependent up-regulation of HO-1 expression. Easily detectable levels of HO-1 occurred 12 hr after pretreatment (lane 2), with peak levels after 24 hr (lanes 3 and 4) .
HO-1 Expression Protects PAEC From Lytic Baboon Anti-Pig Serum
We examined the effects of HO-1 in the protection of PAEC from effects of lytic baboon anti-pig serum (20%; without heat-inactivation). A 6-hr incubation resulted in a significant percentage of cells with membrane damage as manifested by increased membrane permeability (approximately 55%; Fig.  7Aii ) as compared with PAEC incubated with control FCS (approximately 6%; Fig. 7Ai ). Pretreatment of PAEC with sublytic amounts of baboon anti-pig serum (5%, heart-inactivated) for 24 hr essentially did not cause membrane damage in PAEC (approximately 7%; Fig. 7Aiii) . However, such pretreated PAEC showed a marked decrease in the percentage of cells with membrane damage on exposure to lytic baboon anti-pig serum (approximately 21%; Fig. 7Aiv ). When the pretreatment of PAEC was performed in the presence of HO-1 activity inhibitor, SnPPIX, the protective effect was largely abrogated (approximately 40%; Fig. 7Avi ). These results are summarized in Fig. 7B . Percentages of cells with membrane damage in pretreated cells (20Ϯ3.7%; nϭ4) were significantly lower than those seen in nonpretreated cells (49Ϯ7%; nϭ4; PϽ0.001). This pretreatmentinduced protection was largely reversed by blockade of HO-1 activity with SnPPIX (41Ϯ4.8%; nϭ4; PϾ0.05 vs. nonpretreated cells).
The specific contribution of HO-1 in protecting cells from lytic baboon anti-pig serum-mediated cell membrane damage was further investigated in a model in which overexpression of HO-1 was induced by means of adenoviral-mediated gene infection (Fig. 8) Fig. 9Aiv ) cells. These data are summarized in Figure 9B . Percentages of cells with membrane damage in HO-1-adenovirusinfected cells (14Ϯ2.8%; nϭ4) were significantly lower than those seen in noninfected (42Ϯ7%; nϭ4) or ␤-galadenovirus-infected (44Ϯ6.7%; nϭ4) cells (PϽ0.001 for both comparisons). 
DISCUSSION
Long-term survival and accommodation of hamster-to-rat cardiac xenografts can be achieved by transient complement inactivation with CVF plus CyA maintenance therapy (13, 21) . This therapy essentially does not interfere with elicited antigraft IgM XAb responses that normally cause xenograft rejection in a complement-dependent manner (29, 37) . In the present study, we have established a model in which timing of splenectomy controls the levels and kinetics of elicited XAb responses in CyA-treated rats after hamster heart transplantation. We have used this model to test our hypothesis that appropriate modulation of elicited XAb responses may induce xenograft accommodation in the presence of normal levels of complement activity.
The spleen has been implicated as a key lymphoid organ responsible for generation of B cell-mediated humoral immune responses in xenotransplantation (26 -28) . Antigen encounter recruits antigen-specific immune cells and immune regulatory cells in the spleen (38, 39) . The highly organized microstructure of the spleen is thought to facilitate antigen recognition and generation of antigen-specific effector cells (38, 39) . After hamster heart transplantation, rat splenic B cells in the marginal zone proliferate and express a maturation phenotype characterized by IgM high , IgD low associated with anti-graft XAb production and graft rejection (27, 28) . The generation of marginal zone B-cell activation occurs owing to T cell-independent antigenic stimulation (40) and is observed in nude and thymectomized rats (41) . These data support the idea that the humoral response to transplanted xenografts can be T cell-independent.
Pretransplantation splenectomy (day Ϫ1 and day 0) in the presence of complement (no CVF) in the CyA-treated rats completely suppressed IgM antibody formation and resulted in long-term survival of xenografts. In keeping with our findings, previous studies have shown that splenectomy in combination with other T cell-directed immunosuppressive drugs, such as FK506 and anti-T cell antibody reagents, can promote hamster or mouse heart survival in rats (42) (43) (44) . Moreover, splenectomy alone was able to induce profound inhibition of XAb formation in nude rats after hamster heart transplantation, associated with prolonged graft survival (44) . Thus, splenectomy effectively suppresses T cell-independent antibody responses in rats after hamster heart transplantation.
When splenectomy was performed after transplantation, e.g., at day 1 or day 2, in CyA-treated rats, this intervention could still result in marked delays (by 3 to 4 days for peak levels) and decreases (by two-to threefold) of IgM production when compared with CyA treatment alone. These changes in humoral responses could also prevent graft rejection. These effects were thought to result in part from removal of antigen-specific B cells that had been activated within the spleen (45) . However, further delays in splenectomy to day 3 after engraftment were insufficient to prevent transplant rejection. Rejection under these circumstances could be explained by high levels of antibodies already released to the circulation (Fig. 2) , or by the release of activated B cells from the spleen (45) . Previous studies have shown that the timing of splenectomy may critically influence hamster heart survival in rats; however, the underlying mechanism was unclear (45) . A mechanism consistent with the present data would suggest that the rate of antibody production must be slowed and not allowed to exceed a given level early after transplantation. Thus, timing of splenectomy may determine the efficacy of this procedure in suppression of XAb responses and graft survival in xenotransplantation.
In CyA-treated rats with posttransplantation splenectomy (day 1 or day 2), grafts survived continuously in the presence of considerable levels of anti-graft antibodies and normal circulating complement levels, as well as having evidence for deposition of these factors along the surface of vessel walls. Our findings suggest that accommodation occurred at some steps. To test this hypothesis, we performed serum transfer experiments in which hyperimmune serum taken from untreated rats 1 day after hamster heart rejection was injected into those rats carrying an accommodating xenograft on 0, 3, or 7 or more days after transplantation. Xenografts survived long-term only when they had been transplanted 7 or more days before serum injection. We would interpret these findings as suggesting that the xenografts were fully accommodated by day 7. In contrast, xenografts surviving in the absence of detectable anti-graft XAb in CyA-treated rats with pretransplantation splenectomy were invariably rejected at any time tested for hyperimmune serum injection up to day 7 or later. In this instance, the survival of the graft without serum injection may reflect a state of recipient adaptation as opposed to graft accommodation (46) .
Our findings have two important implications. First, the presence of certain levels of anti-graft antibodies promotes the development of accommodation. In keeping with this view, previous studies have revealed that a state of PAEC accommodation could be induced in vitro by incubation with human anti-␣-gal IgM or IgG (23, 24) or ␣-gal-binding lectin (25) . In addition, accommodation of hamster-to-rat hearts often occurs in the presence of anti-graft XAb (47) . Alternative evidence for the contribution of anti-graft XAb to the development of accommodation arises from observations that a number of immunosuppressive drugs that result in profound inhibition of XAb formation indefinitely prolong xenograft survival of hamster hearts in rats, but do not induce true accommodation (36, 48) .
A further implication is that a given period is importantly required for the development of accommodation. We can show that accommodating xenografts developed resistance to exogenous XAb only after they had survived for 7 or more days. Additional evidence for this time-dependent process of accommodation may be derived from our previous observation that a 4-to 6-day duration of complement inactivation was needed for accommodation induction (13, 22) . To assess the extent to which accommodated xenografts resist the effects of XAb and complement in pathophysiologic conditions, we have retransplanted accommodating xenografts into CyA alone-treated rats 1 day after hamster heart rejection. Those sensitized rats rejected naïve hamster hearts, or accommodating hearts that had survived in a first recipient for 3 or fewer days. However, after surviving for 7 or more days in the first recipient, the majority of the accommodating grafts (five of six cases) could survive continuously in second recipients that had been previously sensitized to xenoantigens.
We have previously observed that xenografts undergoing accommodation express a number of genes, termed protective genes on the basis of their antiinflammatory and antiapoptotic properties (13) . Here, we showed that there was a progressive up-regulation of protective gene expression, including A20 and HO-1, in the accommodating graft EC and SMC. The stronger expression of those genes at 7 days or later after transplantation when compared with that on day 3 or earlier may be correlated with increasing resistance of the grafts to XAb and complement. Moreover, we provided evidence that specific induction of HO-1 aided in graft survival and accommodation in rats receiving suboptimal immunosuppressive regimen, such as CyA plus delayed administration of splenectomy. These findings warrant further evaluation of the therapeutic potential of protective genes in xenotransplantation.
To test the hypothesis that anti-graft XAb promote protective gene expression, we studied induction and function of HO-1 in an experimental model in which PAEC were incubated with baboon anti-pig serum. Pretreatment of PAEC with sublytic mounts of baboon anti-pig serum (5%, heatinactivated) for 24 hr up-regulated HO-1 expression in the cells, which was associated with PAEC resistance to lytic amounts of baboon anti-pig serum (20%, without heat-inactivation). The specificity of HO-1-mediated protection against effects of lytic baboon anti-pig serum was further supported by two observations: (1) Blockade of HO-1 activity with SnPPIX, a specific inhibitor of HO-1, restored sensitivity of pretreated PAEC to lytic baboon anti-pig serum; and (2) expression of HO-1 by means of adenoviral-mediated gene infection rendered PAEC resistant to lytic baboon anti-pig serum in a manner comparable to that achieved by the pretreatment.
HO-1-mediated protection may result from multiple mechanisms associated with unique enzymatic activities. HO-1 is the rate-limiting enzyme in the catabolism of heme into three products: free iron, biliverdin, and carbon monoxide, with biliverdin being subsequently catabolized into bilirubin (18, 49) . The antiinflammatory activity of HO-1 is suggested by the observation that expression of HO-1 in vitro prevents EC injury mediated by polymorphonuclear cells (50) , hydrogen peroxide (50), or heme (51) . We have recently reported that HO-1 can suppress EC apoptosis via the activation of p38 mitogen-activated protein kinase directly by the generation of carbon monoxide (19) . In vivo, expression of HO-1 suppresses a variety of inflammatory and apoptotic responses, including endotoxic shock (52), hyperoxia (53), ischemiareperfusion injury (54) , and graft rejection (20, 55) .
In addition to the above-mentioned protective gene responses, previous studies have shown that pretreatment of porcine ECs with human anti-pig IgM or IgG antibodies or ␣-gal-binding lectin can render the cells resistant to lytic complement-mediated killing (23) (24) (25) . This resistance is related to decreased EC expression of vascular cell adhesion molecule (24), a cell surface adhesion molecule associated with EC activation and EC-leukocyte interaction (56) . The induced protective reaction is protein synthesis dependent, and associated with up-regulation of several molecules including inducible nitric oxide synthase (57) and CD59 (25) . The cytoprotective inducible nitric oxide synthase uses Larginine as a substrate to generate nitric oxide, a major component in signal transduction pathways controlling smooth muscle tone, platelet aggregation, and EC proinflammatory and apoptotic responses (58 -60) associated with xenograft transplantation. As expected, expression of CD59, a known complement regulatory protein, has been shown to prevent lytic complement-mediated cell membrane injury (61) . In addition, CD39, or vascular adenosine triphosphate diphosphohydrolase-1, has been recently suggested to play a pivotal role in regulation of intravascular platelet sequestra- tion and fibrin deposition associated with xenotransplantation (62, 63) . The relative contribution of these genes to EC accommodation remains to be further identified. In this regard, our observation that HO-1, for example, can be induced and protect ECs in response to XAb plus complement-mediated effects is important. This finding provides strong evidence that HO-1, or other genes, can be crucial for the induction of EC accommodation. CONCLUSION We have shown that splenectomy of rats, which suppresses IgM production in response to a transplanted hamster heart, can play a key role in allowing the heart to survive. However, the timing of splenectomy with respect to the time of transplantation is critical. Delaying anti-graft antibody production and not allowing high levels of antibodies to develop as compared with nonsplenectomized animals seems key. Antibodies elicited under conditions that lead to long-term survival appear to elicit protective gene expression in the ECs and SMCs of the transplanted organs. Specific induction of at least one of those protective genes, HO-1, in the graft aids in graft survival and accommodation. Expression of HO-1 protects the ECs from antibody plus complement-mediated membrane injury in vitro, further suggesting that expression of this gene in vivo may explain long-term survival of the grafts. That accommodation is different from other conditions in which grafts survive is shown by our experiments in which no detectable XAb production occurred. Under these conditions there was also long-term graft survival, however, without the expression of protective genes or resistance to the exogenous anti-graft antibodies and complement. Further understanding the mechanism leading to xenograft accommodation may allow genetic engineering of the xenograft ECs to achieve long-term xenograft acceptance without deleterious interventions that may otherwise be needed.
